Introduction
In a storage ring, the center of charge of a particle bunch may oscillate in the transverse-betatron, or the longitudinal-synchrotron degrees of freedom. In case of a coherent instability, the amplitude of these oscillations may grow indefinitely in time, leading to the loss of the particle bunch. In many machines, feedback systems have been successfully used to damp unstable coherent bunch oscillations. The basic principle is quite simple: one first measures the deviation of the bunch's position in some coordinate from its ideal trajectory and then tries to perturb the bunch in such a way that the deviation becomes smaller after the perturbation.1 In practice, however, the situation may be slightly more complicated. The complication comes mainly from the fact that the position deviations measured or the pertubation applied to the bunch are often not pure coordinates of the degree of freedom which one wants to damp. For example, an easily measurable quantity is the horizontal displacement x of the bunch, but (2) (ii) the synchrotron and betatron tunes are very different so that the synchrotron-betatron coupling effect can be ignored (See Ref. 4 ). (iii) the feedback system is reasonably weak so that that damping rates cax,sj <<l.
The results of this approximation are, for Type (x,6) feedback system, Type (x,6) (6c = Cxm):
These results are consistent with the sum rule, Eq.(6). We demand that the system damps a mode oscillation with a "one-sigma" amplitude by a factor of e in Nd turns. We will make order-of-magnitude estimates, letting 8-functions ;:R/Vx, n-functions nsR/vx2, momentum compaction factor clal/vx and A# arbitrary.
We will also assume that Vx >> 1 and Vs <<1. Under these conditions, the maximum deviations in x,x', z and 6 for a one-sigma horizontal-betatron oscillation are acx,cxVx/R,cYx/vx and gx/fvx where ax is the rms betatron beam size and f=R/vx2vs is the ratio of the rms bunch length to the rms energy spread, a6. Similar values for the synchrotron mode are Ro6/vx2,6/vX, fo6 and a6.
The order of magnitude expressions of the damping rates for the horizontal-betatron mode are shown in Table 1 . In order to have a damping rate of ct=l/Nd, the required feedback strengths Ax'max for Types (x,x') and (z,x') and AMmax for Types (x,6) and (z,6) are also shown in Table 1 . To damp a n-sigma oscillation in Nd turns, the required feedback strengths must be increased by a factor of n. Similar results for the synchrotron mode are shown in Table 2 , where ccm is the partial momentum compaction from the monitor to the cavity.
The power consumption of a feedback system is directly proportional to the electromagnetic field energy, U, stored in the system. In order to feed back on a turn-by-turn basis, this energy U is dissipated before the next particle bunch arrives. The required feedback power is therefore given by P=U Nb/To, where Nb is the number of particle bunches and To is the revolution period. For a feedback system which uses a kicker magnet {Types (x,x') and (z,x')I, the maximum stored field energy is given by, in the cgs units, with Imag the length of the magnet kicker, E the beam energy and e the unit charge. For a feedback system which uses a cavity {ITypes (x,6) (z,6)}, we find U =-V E 2 max 87r cav max Tables 1 and 2 . the estimates of the power consumption of the various types of feedback systems are given for the horizontal-betatron mode and synchrotron mode respectively, where the quantity C is given by
2v T e L0 Nd (11) The betatron frequency Vx is usually much larger that unity so that for damping the horizontal-betatron oscillations the Type (x,x') and (z,x') feedback systems, in which the variable x' is changed, will require the least power. The synchrotron frequency Vs is generally much less than one so that for damping the synchrotron oscillation the Type (x,8) feedback system, in which x is measured and 6 changed, will require the least power.
Effects Caused By Errors
So far we have assumed that the beam position measurements by the monitors do not contain errors. In reality, the noise in the position measuring signal sent to the feedback device causes a diffusion in the bunch motion. In equilibrium, this diffusion effect is balanced by the feedback damping effect, giving rise to a gaussian distribution in the synchrotron and betatron amplitudes of the bunch motion.
As an example, consider a Type (x,6) feedback system. Let R be the position measuring noise, corresponding to a contribution of Cx to the energy gain at the feedback cavity. The synchrotron energy spread then has a diffusion rate per turn given by The position measuring noises also give rise to a spread in the betatron amplitude of the bunch. The diffusion rate is 
